Adaptive syndromes and their evolutionary constraints represent a powerful construct for understanding plant distributions. However, it is unclear how the species requirements to face multiple stressors promotes syndrome formation and to which abiotic stressors these syndromes show adaptive value over broad geographic scales. We combined local occurrence data from the U.S. Forest Inventory and Analysis (FIA) of 219 angiosperm and 85 gymnosperm species living across the conterminous US with phylogenies and trait data to identify tree syndromes, their evolutionary conservatism, and their adaptive value over broad scales. Factor analyses and evolutionary model selection revealed that trees possess functional trait syndromes that are strongly conserved. Major syndromes at the species level differed between angiosperms and gymnosperms. While the two main syndromes in angiosperms were related to cold and drought-waterlogging tolerance, in gymnosperms a trade-off between shade and drought tolerance was the main syndrome followed by a growth-fire resistance syndrome. Additional RLQ and fourth-corner approaches revealed that trait syndromes at the community level were broadly similar to those observed at the species level for angiosperms, although this was less clear for gymnosperms. This suggests that syndrome evolution has played an important role on angiosperm distributions, whereas additional ecological factors explain gymnosperm distributions. Importantly, syndromes show adaptive value, as they were geographically associated with several environmental variables showing structure from continental to local scales, being temperature the main abiotic stressor. Our results indicate that across the conterminous US tree species possess clear syndromes that are subjected to strong evolutionary constraints driving tree species and forest community distribution.
Introduction
Tolerance to abiotic stresses, mainly extreme temperatures, water and light availability, is a key driver of plant distributions and competitive interactions (Valladares and Niinemets 2008 , Martinez-Tilleria et al. 2012 , Godoy et al. 2015 , Díaz et al. 2016 , Kunstler et al. 2016 . As a consequence of the episodic declines in global temperatures after the Eocene Thermal Optimum (ca 55-45 Ma), freezing winter temperatures probably represent the most severe environmental stress with which plants growing in the northern temperate zones have had to contend (Latham and Ricklefs 1993 , Graham 1999 , Donoghue 2008 . This is particularly true for trees, which are characterized by relatively slow rates of molecular evolution in general (Smith and Donoghue 2008) and climatic niche evolution in particular (Smith and Beaulieu 2010) . Indeed, angiosperm distributions across North America are determined by a limited ability of angiosperm clades to adapt to mid-Tertiary cooling (Hawkins et al. 2014) . Gymnosperm distributions, on the other hand, seem to have been more influenced by simultaneous adaptations to shade and drought conditions, as the climate became both cooler and drier after the Eocene Thermal Optimum (Rueda et al. 2017a ). Trees additionally have had to contend with many other environmental stresses arising from, inter alia, fire, poor soils, flooding, herbivores/pathogens, and competition. This raises the question of how trees in the Northern Hemisphere have responded evolutionarily to simultaneous environmental selection gradients arising from multiple sources operating over a range of spatial scales from a few meters (e.g. edaphic) to continental (e.g. temperature). Ultimately, individual trees have to respond to these stressors at the local scale, but how the gradients are structured in space has implications for understanding the structure of forests across all scales, and identifying the strongest drivers of tree evolution should lead to better understanding of the interaction of regionally vs locally acting processes on patterns of tree evolution.
One widely used approach to the problem of adaption is to explore patterns of particular functional traits thought to be key in species' responses to abiotic stresses (Westoby et al. 2002 , Reich et al. 2003 , Wright et al. 2004 , Chave et al. 2009 , Swenson and Weiser 2010 , Baribault et al. 2012 , Simpson et al. 2016 . However, observed variation in particular functional traits is the result of complex patterns of co-variation among functionally related traits (Schlichting 1989 , Pigliucci 2003 . Although the importance of phenotypic coordination for defining life history strategies of plants in response to environmental variation is clear for evolutionary biologists, such trait syndromes have been overlooked in biogeographical studies. How evolutionary conservatism has influenced syndrome development, how syndromes scale from species to communities, or whether syndromes show spatial structure recognizable geographically are among the questions that still require attention.
Shedding light on these questions can be done by analyzing the tendency of species to retain ancestral ecological niche characteristics (i.e. phylogenetic niche conservatism, PNC, according to Wiens et al. 2010) . Applied to the case of trait syndrome evolution, PNC would describe the tendency of closely related species to possess similar correlated evolutionary responses to those that initially facilitated lineage diversification. As a consequence, since PNC constrains species within lineages to live in specific environments (Crisp and Cook 2012) , it can partially explain why some geographical regions may support specific lineages with particular syndromes. Further, if trait syndromes show geographical structure it can help identify to which environmental stressor(s) syndromes show adaptive value. Clearly, as environmental variables vary in different scales, the value of adaptive syndromes will vary as well.
In this paper we focus on North American trees within the conterminous U.S. and evaluate a suite of traits with a range of functional roles to determine adaptive trait syndromes. We differentiate between angiosperms and gymnosperms since they have very different evolutionary histories and may have substantially different suites of traits by which they respond to abiotic stresses (Graham 1999) . Specifically, our primary focus is on five questions: 1) what are the major trait syndromes in trees occurring in the temperate zone of North America? 2) What role has evolutionary conservatism played on the preservation of such syndromes? 3) Are syndromes maintained when up-scaling from species to communities? 4) Do syndromes have geographical structure? and if so, 5) To what environmental stressor(s) do syndromes show adaptive value? To answer these questions, we combine local occurrence data for 304 tree species with 18 traits believed to play key functional roles with respect to four selective forces that have affected the evolution of temperate-zone trees: drought, freezing, shade and fire (Latham and Ricklefs 1993 , Niinemets and Valladares 2006 , He et al. 2012 , Keeley 2012 . We merge occurrence and trait data sets to: 1) determine trait syndromes at species level, 2) assess whether trait syndromes are phylogenetically conserved, 3) map the spatial distributions of major syndromes at the community level and, 4) define environmental drivers behind adaptive syndromes.
Material and methods

Forest inventory data
Occurrences of trees in the lower 48 states of the US were extracted from the US Forest Service's Forest Inventory and Analysis (FIA) database (< www.fia.fs.fed.us/ >, accessed July 2012). The FIA protocol records, per plot site and per species, the number of trees  12.7 cm diameter at breast (dbh) in four subplots (168.3 m 2 ) 36.6 m apart, and the number of trees  2.54 cm in diameter in nested microplots (13.5 m 2 ). In this study we utilized the data from both the subplots and the microplots. For inclusion in the analyses, a site had to be coded as a 'natural stand' (i.e. tree plantations are not considered). When necessary we merged species records under currently recognized names. We used The Plant List (< www. theplantlist.org >, accessed February 2014) as the source of information on synonyms. Our selection criteria rendered a total of 91 340 sites containing occurrences of 219 angiosperm tree species and 78 400 sites containing occurrences of 85 gymnosperm species (note that the specific limits of some gymnosperms remain unresolved).
Trait data
We searched the primary and secondary literature and Internet resources to identify traits for our 304 tree species. We followed Shipley's (2010) definition and considered traits as 'any measureable property of a thing or an average property from a collection of things'. Therefore, our traits include a mixture of characteristics at different plant scales from physiology to morphology and plant performance (see Supplementary material Appendix 1 for the species list, trait values and data sources, and Supplementary material Appendix 2 for a description of traits and their functional roles). As most biological traits suffer from missing data, we only included in our analysis those traits having  60% available data and imputed the missing values. Imputing missing values is a better alternative than simply removing missing-data variables or missing-data species, being less likely to bias the results of comparative models (Penone et al. 2014 ). We applied non-parametric missing value imputation using random forests implemented in the R package 'missForest' (Stekhoven and Bulhmann 2012) , which uses a random forest trained on the observed values to predict the missing values. In particular, this imputation method can handle multivariate data consisting of continuous and categorical variables simultaneously, which is our case. The out-of-bag imputation error estimate was low for gymnosperms (0.27) and moderately low for angiosperms (0.71), indicating a relatively good imputation performance (Stekhoven and Bulhmann 2012) .
For angiosperms, eight traits are continuous (seed size, height, specific leaf area [SLA] , percentage of nitrogen in leaves, percentage of phosphorus in leaves, bark thickness, wood density, and cold tolerance), five are ordinal (leaf C:N ratio, growth rate, and shade, drought, waterlogging and fire tolerances) and two are cardinal (leaf phenology and seed dispersal type). For gymnosperms, six traits are continuous (seed size, leaf length, height, bark thickness, wood density and cold tolerance), five are ordinal (growth rate, shade, drought, waterlogging and fire tolerance), and two are cardinal (seed dispersal type and fire resistance). Height, seed mass and bark thickness were log-transformed prior to analyses. For gymnosperms we did not include some potentially important plant traits, including specific leaf area and percentage of nitrogen in leaves, since available values for these traits were substantially fewer than 20% for the species pool. Note that the accuracy of estimated trait values decrease with increasing percentage of missing values (Penone et al. 2014) . Also, for gymnosperms, the leaf C:N ratio was not included because this trait hardly varied for our species range. Overall, the traits can be grouped into lower-level physiological/morphological functional traits like seed size, wood density, and height, and higher-level performance traits like the various tolerance traits, which represent the whole integrated plant phenotype. The latter may partially compensate for the paucity of data available for less commonly measured functional traits. Note, however, that in the specific case of cold tolerance it does not refer to direct measures of physiological tolerance of species to cold, but a realized tolerance, i.e. a surrogate based on distributional ranges where species survive. Unfortunately, measures of physiological cold tolerance are not available for most of the species used in this study. Nevertheless, prior work suggests that physiological and realized tolerances to cold are strongly correlated in North American trees (Hawkins et al. 2014) . Shade, drought, and waterlogging tolerance indices are partly based on physiological measures in addition to site characteristics (for details see Niinemets and Valladares 2006) .
Phylogenetic trees
For angiosperms, the phylogenetic tree used was a pruned version of the tree developed by Hawkins et al. (2014) . To summarize, the family-level phylogeny was built using the APGIII backbone (Angiosperm Phylogeny Group 2009), supplemented with the phylogeny of Smith et al. (2011) (available at < http://datadryad.org/resource/doi:10.5061/ dryad.8790 >) and group-specific phylogenies available in the primary literature to generate a species-level phylogeny. The phylogeny was calibrated by dating nodes with the branch length adjustment function (BLADJ) in PHY-LOCOM (Webb et al. 2008) , using nodes matched against the dated phylogeny of Bell et al. (2010) . The phylogenetic tree used for gymnosperms was obtained by pruning the molecular-based gymnosperm phylogeny of Burleigh et al. (2012) , and contained 84 out of 85 gymnosperm species used in this study (Picea glauca was not included in the phylogeny of Burleigh et al. 2012) . Briefly, this phylogeny was constructed incorporating core nucleotide sequence data from gymnosperms (Coniferophyta, Cycadophyta, Ginkgophyta, and Gnetophyta), with sequences from the 'basal angiosperm' lineages (e.g. Amborella, Nymphaeales) and Moniliformopses taxa as outgroups. This included plastid and mitochondrial loci as well as nuclear 18S rDNA, 26S rDNA, and internal transcribed spacer (ITS), which was aligned using Muscle (Thompson et al. 1994) . Maximum likelihood analyses to estimate the optimal topology and molecular branch lengths used the general time reversible (GTR) nucleotide substitution model, and a final chronogram was obtained by incorporating the fossil constraints on seed plant clades of Won and Renner (2006) . Topologies for both woody angiosperm and gymnosperm phylogenetic trees are provided in Supplementary material Appendix 3.
Environmental data
We selected eight environmental variables to examine the relationship between environment and the geographical structure of adaptive syndromes across sites (the community level). We extracted two measures of temperature and two of precipitation from the 30 arc-second WorldClim database: Bio5 (maximum temperature of the warmest month), Bio6 (minimum temperature of the coldest month), Bio12 (annual precipitation), and Bio18 (precipitation in the warmest quarter or 'summer precipitation'). We also extracted a measure of solar insolation from the National Renewal Energy Laboratory (< www.nrel.gov/gis/data_solar.html >, accessed October 2014): annual normal direct insolation (solar radiation), at a ∼10 km resolution. All of these climate variables vary over broad to intermediate scales, but because of the grain at which they are measured have no variation at local scales. To represent proxies for potential local processes, we also generated two variables containing relatively small-scale variation: elevation and dominant soil type. The elevation of each site was estimated using the digital elevation model gtopo30 (< http://ita.cr.usgs.gov/GTOPO30 >), whereas the dominant soil type was generated from the wss_ gsmsoil_US_ [2006-07-06] database, available from < http:// websoilsurvey.sc.egov.usda.gov > (accessed October 2014). Maps of spatial patterns of all environmental variables are shown in Supplementary material Appendix 4. Because FIA sites on private land are shifted one to several kilometers in location to comply with Federal privacy laws, the local variables, especially elevation, contain an unknown amount of error, concentrated in mountainous areas.
Analytical protocol
Trait syndrome analysis at the species level
Covariance patterns of traits across species were evaluated using factor analysis (FA). FA is a multivariate technique that hypothesizes and identifies the number of latent constructs (variables that cannot be measured directly), which are called 'factors', and the underlying covariance structure of a set of variables. FA thus allows for assuming or testing a theoretical model of latent factors causing observed variables without imposing any preconceived structure on the outcome (Child 1990 ). The usual interpretation of the factors is that they explain the correlations that have been discovered among the original variables and that these factors are real in nature. Thus, the major factors extracted from our data would represent syndromes that are explained by the association of certain sets of traits.
Basic computational similarities have led FA to be wrongly classified as a category of procedures that includes principal component analysis (PCA), however, although results can be similar, the methods have different objectives. PCA is a descriptive technique for dimension reduction and summarization, whereas FA explores the resultant multivariate factors -the linear combinations of the original variables. FA was computed using a varimax rotation of axes. This implies that the axes are rotated until they maximize the variance among the variables, and the axes need to be uncorrelated (orthogonal). This orthogonal rotation preserves the relative orientation between axes and facilitates their interpretation (Tabachnick and Fidell 2007) .
Prior to the FA, we used a broken-stick model -based on the eigenvalues -to determine the number of factors to be interpreted; an axis should be retained if the observed eigenvalue is higher than the eigenvalue expected under a broken-stick model. Comparing the Kaiser-Guttman criterion and scree plots, Jackson (1993) found that the most consistent results were obtained with this method. We also used a method based on the broken-stick model (Peres-Neto et al. 2003) to determine which of the original traits significantly loaded on each factor. FA was computed using the 'psych' and 'GPArotation' packages in R.
Phylogenetic comparative analyses of main syndromes
By some definitions, detecting that traits contain phylogenetic signal is not sufficient to assume PNC, which Losos (2008) defines as 'the phenomenon that closely related species are more ecologically similar that might be expected solely as a Brownian motion evolution'. Certainly, to find a pattern of no or weak phylogenetic signal can mean either that the trait varies randomly across the phylogeny or shows stasis, i.e. lack of signal can mean either no PNC or perfect PNC (Wiens et al. 2010) . Even so, we agree with Losos (2008) that PNC of traits (or syndromes) must be shown to exist if it is to be used as an explanation for observed patterns, while also being aware of disagreement about whether a Brownian motion model of trait evolution is sufficient or not (see also Cooper et al. 2010 , for discussion of alternative macroevolutionary models underlying PNC).
Here, we followed Wiens et al. (2010) and tested for niche conservatism in each syndrome obtained at the species level from the factor analysis using the general approach of Butler and King (2004) . We used phylogenetic generalized least squares (PGLS) to fit three models of evolution: a white noise (WN) model of random variation, in which species' syndrome differences would be independent of their phylogenetic relatedness (i.e. the syndromes are labile); a Brownian motion (BM) model of gradual and continuous drift in species' syndromes, which is sufficient to demonstrate PNC according to Blomberg et al. (2003) ; and an OrnsteinUhlenbeck (OU) model of constrained evolution (i.e. stasis or stabilizing selection -see Hansen 1997) where the random component of character evolution is pulled towards local optima, which satisfies the more stringent definition of PNC (Losos 2008) . We used 'Geiger' in R (Harmon et al. 2008 ) to calculate the log-likelihood of each model, and model fits were evaluated using the weights of the Akaike information criterion (AIC w ). We also calculated Pagel's l and Blomberg's K for each syndrome for potential comparison with other studies. These parameters can also help determine if detected trait syndromes fit particular evolutionary models of PNC (see Cooper et al. 2010 for details).
Linking trait syndromes at the community level with environmental variables
Relationships between major syndromes and the selected climatic and environmental variables were evaluated using RLQ and fourth-corner approaches (Dray et al. 2014) . Both methods use the information contained in three tables, L (species abundances or occurrences across sites), R (environmental characteristics of the sites), and Q (species traits), and although they are mathematically similar, their objectives (ordination vs hypothesis testing) are quite different. RLQ combines the three separate ordination analyses of R, L, and Q to identify the main relationships between environmental gradients and trait syndromes mediated by species abundances. The fourth-corner approach tests the multiple associations between one trait and one environmental variable at a time. Here, we follow the approach proposed by Dray et al. (2014) that applies the fourth-corner tests directly on the outputs of RLQ analysis instead of the original raw data tables, integrating the two approaches into a single framework.
A common problem of the fourth-corner method is that the permutation process carried out during the correlation analysis can produce elevated type I errors when either the environment or traits structure species distributions, but they themselves (i.e. R and Q tables) are not linked (Peres-Neto et al. 2012 . To obtain results with a correct type I error, Dray et al. (2014) proposed combining results of the so-called model 2 and model 4. Briefly, model 2 permutes the n samples (i.e. rows of R or L) to test the null hypothesis that the distribution of species 'with fixed traits or syndromes' is not influenced by the environmental conditions. Model 4 permutes the p species (i.e. rows of Q or columns of L) to test the null hypothesis that the species composition of samples 'with fixed environmental conditions' is not influenced by the species attributes. Combining outputs from these two models allows testing the null hypothesis that at least one table (R or Q) is not linked to L against the alternative hypothesis that both trait and environment influence species distributions, or in other words, that species sharing greater levels of trait similarity have also more similar habitat or environmental affinities.
We used the 'ade4' package in R to compute the RLQ analyses [rlq function] and the combination of the RLQ and fourth-corner analysis [fourthcorner.rlq function]. The latter allows directly testing the links between RLQ axes and traits or environmental variables. We used 10 000 permutations in all randomization procedures and the false discovery rate method (FDR; Benjamini and Hochberg 1995) to adjust p values for multiple testing. Since the fourth-corner analysis only deals with bivariate associations (i.e. one trait and one environmental variable at a time), multiple statistical tests are performed simultaneously increasing the probability to find 'significant' associations, so a method to correct p values is required. All analyses carried out here were conducted in the version 3.3.1 of R (R Development Core Team).
Finally, we are aware that the analytical methods employed to find trait syndromes at the species level differ from the method employed at the community level, so we also conducted FA analyses at the community level to demonstrate consistency in the results. Methodological aspects of this analysis and results are shown in Supplementary material Appendix 5. We are further aware that the joint use of the higher-level tolerance traits with the lower-level functional traits in the same analysis could lead to analytical interference because the former can be partially represented in the latter, or in the specific case of cold tolerance there may be a problem of circularity since this tolerance trait was calculated using the geographic distribution of each species. So, we reran the RLQ and fourth-corner analyses using only functional traits. Results of these analyses are shown in Supplementary material Appendix 6.
Mapping of syndromes at the community level
Using the presence-absence matrices of the gymnosperms and the angiosperms, we replaced the presence values with the species scores of the main axis obtained in the RLQ analyses and calculated an average value per plot. These averages were used for mapping major syndromes and to obtain a visualization of their geographical structure, which can be related to the environmental drivers by means of the fourth-corner analysis.
Data deposition
Data available from the Dryad Digital Repository: < http:// dx.doi.org/10.5061/dryad.g8t00 > (Rueda et al. 2017b) .
Results
Identification of adaptive syndromes at the species level
At the species level, the FA identified five significant factors, with these differing between angiosperms and gymnosperms (Table 1) . For angiosperms, the amount of total variance explained by the model was 49%, and in turn the first two factors explained 34 and 23% of the total variance. The first factor can be considered a cold syndrome and included cold tolerance and functional traits related to tree adaptations to low temperature and/or short growing season such as SLAthe strongest loading trait, leaf phenology, wood density and percentage of N in leaves. All of these traits, except wood density, were positively associated with the cold syndrome. Drought tolerance also significantly loaded on this first factor although with lower weight. The second factor can be considered a drought-waterlogging syndrome and included drought and waterlogging tolerance and functional traits related to tree adaptations to arid conditions such as wood density, seed size, both negatively associated to the syndrome, and seed dispersal type. The third factor was related to allometric relationships (height and bark thickness), the fourth to shade tolerance and the fifth to the % of N and P in leaves. However, the low explanatory power and the few functional traits that significantly loaded in the last three factors make them unlikely to represent meaningful syndromes.
For gymnosperms, the amount of total variance explained by the FA was 62%, and the first two factors explained the most of this variance (29% each). The first factor can be considered a shade-drought tolerance syndrome and showed a strong trade-off between shade and drought tolerance and a set of functional traits reflecting this trade-off. Thus, wood density was positively aligned with the shade-drought syndrome, whereas height was negatively. The second factor can be considered a growth rate-fire syndrome and was associated with the capacity of conifers to resist fire. Functional traits positively associated with this factor were height, bark thickness, and leaf length whereas seed dispersal type was negatively associated. The third factor included what appear to be seed allometric relationships, the fourth factor tolerance to cold and the fifth factor waterlogging tolerance, but as occurred with angiosperms, the final three factors were not strongly supported as syndromes because of their low explanatory power and the few traits associated with them.
Phylogenetic comparative analyses
The phylogenetic analyses indicated that syndrome evolution of North American trees has been strongly constrained. For both groups, an Ornstein-Uhlenbeck (OU) model, which describes evolution under stabilizing selection, best fit the major observed syndromes, i.e. the cold and droughtwaterlogging syndromes for angiosperms and the shadedrought and growth rate-fire syndromes for gymnosperms (Table 2) . With the exception of allometric relationships, which also fit better an OU model of evolution, the remaining factors showed ambiguity in the results (Supplementary material Appendix 7). Particularly, the low values obtained for Pagel's l and Blomberg's K (Table 2) together with a significant fit of the OU model suggest that the obtained syndromes follow a particular model of PNC, namely, phylogenetic inertia (according to Cooper et al. 2010) , indicating that tree traits evolve too slowly to match environmental change (see Discussion).
Linking trait syndromes at the community level with environmental variables
At the community level, the relationships between trait syndromes and environmental variables can be summarized by the first two RLQ axes for both angiosperms and gymnosperms. For angiosperms, the first two axes represent 95.8 and 2.7% of the cross-variance between trait syndromes and environment for axis 1 and 2, respectively. For gymnosperms, the first two axes represent 75.9 and 19.8%.
The combined analysis of the RLQ and fourth-corners showed that for angiosperms, results obtained at the community level largely matched those obtained at the species level (Table 3) . Thus, when assessing the link between traits and the first RLQ axis, results showed that this was clearly structured by cold tolerance (the strongest loading within the axis), although fire tolerance and seed-related functional traits also Table 2 . Comparative fits of the two main identified syndromes and factors for angiosperms and gymnosperms to three alternative evolutionary models: an Ornstein-Uhlenbeck process (OU; constrained evolution), Brownian motion (BM; drift) and white noise (WN; no phylogenetic signal). Model fits are evaluated using Akaike weights (wAIC) and express the probability that each model is the best among those compared. Pagel's l, Blomberg's K and the a of the OU model are also provided. significantly loaded here. The second RLQ axis still seems to correspond to a drought-waterlogging tolerance syndrome, but weaker than at the species level. In this case, although drought tolerance and seed size were almost significant, their loadings were very low. Results of the test between RLQ axes and environmental variables found that all climatic and environmental variables significantly explain this cold syndrome (Table 4) . Note, however, that temperature (both maximum and minimum) and annual precipitation had higher correlation scores. The drought-waterlogging syndrome was mainly explained by elevation and slightly by summer precipitation. For gymnosperms, results obtained at the community level were somewhat similar to those obtained at the species level (Table 1 and 3) . Thus, the first RLQ axis was still explained by the trade-off between shade and drought tolerance. However, a mixture of functional and performance traits were also strongly aligned here. Cold tolerance, which seemed to be unimportant at the species level, was included in this first factor (with the strongest loading) along with traits that in conifers have been mainly identified with fire tolerance such as leaf length and growth rate. Accordingly, this syndrome involves a spectrum between being adapted to cold and shade conditions and being tolerant to drought and wildfire and would constitute what might be considered a polytolerance syndrome. Results of the test between this syndrome and environmental variables show that both maximum and minimum temperatures explain it (Table 4) . With regard to the second RLQ axis, seed size was the only trait that significantly explained it, so we do not further consider this axis as a syndrome at the community level.
Results obtained using FA instead of RLQ and fourthcorners supported the above results for both groups (Supplementary material Appendix 5). Results using only functional traits (i.e. excluding species trait tolerances) were similar to the above results for both groups (Supplementary material Appendix 6).
Geographical patterns of the syndromes
In the case of angiosperms, the cold syndrome showed a strong latitudinal gradient across the US, clearest in the eastern US where angiosperms dominate (Fig. 1A) . The values of this syndrome range from the southeastern mixed/ evergreen forests, with the lower values, to the eastern deciduous forest in mid latitudes and the eastern mixed forest with the highest values. The drought-waterlogging Table 3 . Results from testing directly the link between RLQ axes and traits for angiosperms and gymnosperms. Significant loading traits are highlighted in bold. 'r' refers to the correlation observed value. Test was carried out using 10 000 permutations in all randomization procedures and the false discovery method (FDR) to adjust p-values for multiple testing. syndrome showed a more regional pattern coinciding with those areas where forest communities are more or less tolerant to drought, and/or show tolerance to waterlogging (Fig. 1B) . Communities with the higher values of this second syndrome (drought tolerant) are located in mid-latitudes of the coastal and mountain ranges of the west and east, including the Appalachians, whereas communities with the lower values (water tolerant) are mainly located in the southeast. For gymnosperms, the polytolerance syndrome showed a regional pattern that primarily separates those areas dominated by conifers tolerant to shade and cold (forests of the north and mountain ranges) -with the higher values of the syndrome, from areas dominated by conifers tolerant to drought and fire (Fig. 2) . The latter comprise communities of conifers distributed through the mountain slopes of the west and other xeric areas, mainly composing Pinyon-Juniper woodland, and conifers distributed along the southern Gulf Coast of the US largely matching the Southeastern Conifer Forest ecoregion and areas of the US where fires are frequent.
Discussion
It is often assumed that tree species respond to multiple stressors in phenotypic coordination, yet the influence of such syndromes on species distributions have remained unclear, as they have not been previously related to the spatial structure of the main abiotic stressors limiting trees. In this paper, we combined species trait information with phylogenetic and geographic resources to determine the ecological and evolutionary drivers of major syndromes for trees occurring through the conterminous US. Our analyses point to tree tolerances to cold, drought, shade and wildfire as the main factors around which traits assemble to form syndromes; and temperature as one of the major environmental drivers behind the geographical configuration of trait syndromes. Moreover, the strong phylogenetic conservatism found for the major syndromes provides a link to both results, suggesting that the current environmental variation of the continental US has played an important role sorting tree lineages -and so forest communities -according to the adaptive value of their syndromes.
Both angiosperms and gymnosperms showed a hierarchy of two major syndromes that clearly differed between the groups. Differences in trait associations between major tree groups have also been found in previous studies (Stahl et al. 2013 ), but our consideration of cold as a crucial environmental stressor of North American forests (Latham and Ricklefs 1993 , Graham 1999 , Hawkins et al. 2014 , provides novel insights. The strongest trait syndrome for angiosperms comprises cold tolerance and traits determining growth and survival under cold conditions (SLA, leaf phenology, wood density, and leaf N) ( Table 1) . At global scales, higher SLA values are positively correlated with short leaf lifespan in response to many abiotic factors, although this relationship is clearer for deciduous than for evergreen angiosperms, and both traits have been implicated as playing an indirect role in cold tolerance (Wright et al. 2004) . Similarly, wood density has a wide range of functions, among which is its association with water transport capacity (Chave et al. 2009 ). Low wood density allows high water transport when species are metabolically active, and low content of nitrogen on leaves might reflect the limited time for growing under cold climates (Reich and Oleksyn 2004) . The second strongest trait syndrome comprises a straightforward involvement of traits associated with drought versus waterlogging tolerance (seed size, dispersal type and wood density). Wood density is a good predictor of the resistance of the xylem to drought stress (Jacobsen et al. 2007 , Pratt et al. 2007 ), whereas larger seeds, usually with low spread rates, can determine the capability of seedling establishment in drought-stress conditions (Leishman et al. 2000) .
For gymnosperms, the strongest trait association is a selective tolerance to drought or to shade, together with traits (height and wood density) conferring growth and survival under shade and drought conditions (Table 1 ). This restricted co-tolerance to shade and drought has been found to be a main aspect explaining the current distributions of conifers in the U.S. (Rueda et al. 2017a ). Largely, wood density summarizes the combination of the shade-drought spectrum that involves multiple morphological and physiological adaptations acting in combination (Valladares 2003, Cescatti and Niinemets 2004) ; whereas high wood density allows trees to cope with drought-induced embolism and increases drought tolerance in conifers (Pittermann et al. 2012) , less dense wood is associated with fast growth, with trees being taller and better competitors for light in dense forests (Bigler and Veblen 2009 ). The second strongest syndrome is related to the growth rate and parallels their capacity to resist wildfires. Seedlings of fast-growing conifers are susceptible to surface fires for fewer years. Likewise, tree survival against surface fires may be enhanced by greater height and bark thickness (Jackson et al. 1999 , He et al. 2012 , Keeley 2012 .
The major syndromes for angiosperms and gymnosperms have evolved in a manner consistent with niche conservatism ( Table 2 ). The low values obtained for l and K draw, however, attention and deserve a brief explanation. Low values of these parameters along a strong fit of an OU model suggest that syndromes have evolved under a macroevolutionary model of phylogenetic inertia (Cooper et al. 2010) . The interpretation of niche conservatism in this context is that the rate of evolution of traits is too slow to match the rate of change in the environment, and thus ancestral niches' characters are retained (Hansen 1997 , Cooper et al. 2010 ). This result is not unexpected for trees, which have slow rates of climatic niche evolution (Smith and Beaulieu 2010) .
With evolutionary conservatism being a major driver of trait associations for trees, should we expect similar syndrome patterns when scaling from species to communities? We would argue yes, as long as the distributions of the tree communities are determined by the tolerance to environmental stressors provided by their syndromes. To a large degree, results for angiosperms confirm this for the cold tolerance syndrome, given the broad correspondence between species and community level results (Table 1 and 3) . Clearly, maximum and minimum temperatures are two of the strongest climatic variables explaining the geographic pattern of the cold tolerance syndrome (Fig. 1A) . This result is partly expected since the importance of temperature to plant biology and evolution dating back the late Mesozoic and Cenozoic is well established (Hsu 1983 , Jaramillo et al. 2006 ). More importantly, however, is that all environmental variables were more-or-less related to the cold syndrome (Table 4) , likely reflecting the geographic breadth of the disparate traits that define it.
The parallelism between syndromes at the species and community level was less clear for gymnosperms. The trade-off between shade and drought tolerance found at the species level also occurs at the community level, but in the latter case these traits covary with cold and fire tolerance and functional traits conferring polytolerance (Table 3) . The fact that neither cold nor fire tolerance show clear niche conservatism for the conifers included in this study (Rueda et al. 2017a) , suggests that an additional factor beyond the evolution of trait associations plays a role on the current distribution and community assemblage of gymnosperms across North America. A plausible explanation is that historical competition with angiosperms partly determines the assembly of this polytolerance syndrome. It is well known that after the rise of angiosperms to ecological dominance in the Cretaceous (Bond 1989 , Augusto et al. 2014 , gymnosperms have been largely restricted to environments characterized by conditions that angiosperms tolerate poorly (Graham 1999) . Hence, in North America conifers have become dominant in regions characterized by extreme cold, severe aridity, nutrient-poor soils and environments prone to wildfire (Graham 1999) . Whatever the reason, what is clear from the geographical pattern of the polytolerance syndrome (Fig. 2) is that in those places where gymnosperms dominate, they are able to tolerate multiple co-occurring stressors. Unsurprisingly, temperature is the strongest climatic variable driving the geographic pattern of this syndrome (Table 4) .
Our work is not without limitations. Framing trait associations in a geographic context has the advantage of determining to which environmental stressors trait syndromes show adaptive value, but comes at the cost that available information is limited. Thus, for instance, we could include neither intraspecific trait variation nor other potentially important traits that might describe novel syndromes related to biotic interactions. We believe that including such information in the future is crucial for determining the importance of local processes on the phenotypic coordination of trees (Liepe et al. 2015) .
To conclude, we found that North American tree species possess clear syndromes and importantly, they show adaptive value in response to different abiotic stressors arranged from continental to local scales. The major observed syndromes are strongly conserved according to a process of phylogenetic inertia, which becomes an important factor for explaining the distribution of trees and forest communities over the US, especially in the case of angiosperms. Notably, trait syndromes do not help trees cope with all the observed environmental variation simultaneously. This means that traits composing each syndrome can also define the limits of species ranges (Stahl et al. 2014) . Therefore, further research needs to address how the strength of particular adaptive syndromes limits species distributions, and which lineages show the strongest constraints. This information will be of value to target which tree communities are at most risk under current and future climate change.
